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Motivation
Longitudinal VBS

 Small fraction of the rare VBS events

First steps in that direction
– Inclusive diboson joint-polarisation
– Polarisation  in VBS

 Opportunity to look for deviations

New Physics ?

Higgs 
mechanism

Massive W± 
and Z bosons

Longitudinal 
polarisation 

allowed

Longitudinal 
VBS

V0V0  V→ 0V0

Goldstone equivalence 
theorem

“At high energy, longitudinal
vector bosons are analogous 

to goldstone bosons”

 [arXiv:1412.8367]

https://arxiv.org/abs/1412.8367


3

Previous results in ATLAS 
November 

2022
October 

2023
February 

2024
March
2025

Inclusive WZ
joint-polarisation

Only Run 2 results

Inclusive ZZ
joint-polarisation

Inclusive WZ
joint-polarisation in 

00-enriched phase space

Same-sign WW VBS
single polarisation 

Phys. Lett. B 843 (2023) 137895 JHEP 12 (2023) 107 Phys. Rev. Lett. 133 (2024) 101802 Phys. Rev. Lett. 135 (2025) 111802

https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub
https://link.springer.com/article/10.1007/JHEP12(2023)107
https://doi.org/10.1103/PhysRevLett.133.101802
https://journals.aps.org/prl/abstract/10.1103/bpln-ccql
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NEW results (this talk) 
July 2026

Only 
leptonic 
decays 

considered

Inclusive ZZ
joint-polarisation

Observation of 00

WZ VBS
single polarisation
Evidence for Z0

ArXiv:  2607.12879 ArXiv: 2607.20246

Signature Run 2 Run 2 + partial Run 3

W±Z Observation 00

ZZ Evidence 00 Observation 00

VBS W±W± Evidence W0

VBS W±Z Evidence Z0

First results 
using Run 3 

data !
140 fb−1 + 164 fb−1

https://arxiv.org/abs/2607.12879
https://arxiv.org/abs/2607.20246
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Fundamentally quantum : spin density matrix 
– Diagonal terms = “pure polarisations”

– Off-diagonal = interferences 

What is polarisation really ?

Polarised Matrix 
element

Normalisation

Averaging on quark 
polarisations
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Polarisation  Angular variables→

Frame dependence
– Natural choice is  diboson rest frame

 NOTE : Different from the helicity frame

Frame choice

0

0

- +
Boson 

direction

W
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Ingredients for polarisation measurements
Method : Fit on data with polarisation templates

Discriminating variable :
– Extract as many polarisations as possible : Model independence !
– Low statistics  struggle to keep significance→

Polarised templates
– Representative of higher order corrections ?
– Modelling uncertainty
– Interference term ? Non-resonant background ?
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Polarisation in ZZ inclusive

Run 2 paper :
 JHEP 12 (2023) 107

ArXiv:  2607.12879

Note : Here “L” means longitudinal

https://link.springer.com/article/10.1007/JHEP12(2023)107
https://arxiv.org/abs/2607.12879
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Signal region composition

Challenge :  low signal events yields

~3000 (Run2) + ~3000 (partial Run3) events 
 ~400 ZLZL polarisation events

Very clean signature :

Sherpa 2.2.12 inclusive

Madgraph 0,1,2jet LO 
polarised

Madgraph LO
polarised

qq ZZ→
~83% of SR events

qq ZZjj (VBS)→
~1% of SR events

gg ZZ→
~14% of SR events

Others
<2% of SR events

– Fakes
– ttZ
– triboson

Sherpa 2.2.14
inclusive

Sherpa 2.2.16
inclusive

Inclusive    –

Signal

LL: ~7% of SR events
TL: ~22% of SR events
TT: ~54% of SR events

Interference : 
~1.5% of SR events=

Σ
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Discriminating variable
Templates obtained directly from generators

  ZLZL,   ZLZT,   ZTZT  (T = Left + Right, undiscernable Z bosons)

Full angular information
 BDT trained for LL against LT&TT

BDT 
variables 

cosθ1

cosθ2

cosθ*

Δφl1l2

Δφl3l4

In ZZ Rest Frame 
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Polarisation templates

Reweighting (for qqZZ)

– 1D reweighting along cosθ1  of 
each polarised template
to 
fixed order MoCaNLO polarised NLO QCD+EW  

– Interference term Sherpa3 BDT distribution
(Inclusive – Σ polarised)particle level

reweighted to detector level

– 2D reweighting along cosθ* and Δφl1l2 of 
(Σ polarised)
to
(Inclusive – Interference)

Modelling uncertainty

– Systematic from difference to 
prediction from Sherpa3 NLO QCD 
polarised at particle level 
 Uncorrelated between each 

polarisation template

– NLO EW and QCD uncertainties, PDF, ...

Polarised generation with MadGraph : qqZZ + qqZZjj 
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Run 3 results
Fit in 2 mass regions : 180 GeV < M4l < 240 GeV ; M4l > 240 GeV 

    μLL = 1.34 ± 0.26(stat.) ± 0.13(syst.)      5.1σ obs.      4.1σ exp.

 Measure LL fraction in both mass regions :

~ linked to Goldstone 
equivalence theorem
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Combination with Run 2 : Observation
Combined statistical analysis with Run 2 data :

 µLL = 1.22 ± 0.21         6.5σ obs.         5.6σ exp.

Main uncertainties : statistical power and modelling 
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Lesson 1 : The importance of more templates
From 2 templates (LL vs TX) to 
3 templates (LL, TT, TL)

~1σ excess in µLL ?

Closer to the SM 
expectation with 
more templates 
independently 
constrained
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Lesson 2 : Treatment of interferences
First polarisation analysis to explicitly treat the interference term

– Interference term scaled by the fractions values
 “Effective fractions” ≠ spin density matrix coefficient

– Interference term fixed
 More conservative, spin density matrix coefficient

Impact mostly on uncertainties
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Polarisation in WZ VBS
ArXiv: 2607.20246

Note : Here “0” means longitudinalRun 2 VBS inclusive paper : 
JHEP 06 (2024) 192

https://arxiv.org/abs/2607.20246
https://link.springer.com/article/10.1007/JHEP06(2024)192
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Signal region composition
Signature = compromise                                                      Number of events    vs     Reconstruction (neutrino)

Signal : WZjj-EW
~13% of SR events

Sherpa3 0,1j LO polarised

Sherpa2.2.12/14 0,1j LO inclusive

Main background : WZjj-QCD
67% of SR events

Sherpa2.2.12/16  NLO QCD + 
0,1,2,3j (Comix & OpenLoops)

Interference:

0.8% of
SR events

Other backgrounds

– Fake leptons (6%)
 → Matrix Method (data driven)

– ZZjj EW + QCD (6%)
 → ZZ CR

– tZj (3.5%) + ttV (2.3%)
 → b-CR

– WZjj in τ, Tribosons (<1%)

W0Z0: ~1% of SR events
W0ZT: ~2.5% of SR events
WTZ0: ~2.5% of SR events
WTZT: ~7.2% of SR events

Challenge :  low signal events yields
~650 (Run2) + ~950 (partial Run3) events 

 ~200 WZjj-EW signal events
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Signal vs Background separation
3 fits, 1 template against 3 others :  00 vs others (0T + T0 + TT) ; W0  vs WT ; Z0 vs ZT

2 types of DNN 
– WZjj-EW vs other SM backgrounds (18 variables)

– Target WZ polarisation vs other WZ polarisations (using subsets of 29 variables)

00
W0 Z0
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Fit setup
Combine DNN in Voronoï regions along S/√B

 3 Discriminating variable for 3 template fits

Fit simultaneously with
– ZZ-CR and b-CR

– Run 2 and Run 3 data
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Templates Modelling
Nominal polarisation templates : Sherpa3 0,1j LO polarised (~real NLO QCD corrections)

– Shape uncertainty with alternative sample Madgraph LO polarised 
  ≤ 20% uncertainty (mainly  low S/√B regions)

– Shape uncertainty on Voronoï regions with fixed order calculation 
by MoCaNLO NLO EW polarised (provided parton/particle and particle/detector level reweightings)

  ≤ 20% uncertainty for the 4 polarisation templates

WZjj-QCD modelling : Sherpa2.2.12/16  NLO QCD + 0,1,2,3j (Comix & OpenLoops)
– Standard 7 point variation for QCD uncertainty yields very big uncertainties ( ≤ 40% )
 Validated in inclusive WZ VBS 

– Shape uncertainty with alternative sample Madgraph NLO QCD + 0,1,2j
  ≤ 30% uncertainty (mainly  high S/√B regions)
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Result : Evidence for Z0 polarisation
5 parameter fit : agreement with SM

– Control regions

– Signal inclusive Wzjj-EW normalisation µWZjj-EW : agreement with SM → cross section for Run3

– Z boson polarisation fraction fX0 :  evidence at 4.0σ (expected 2.9σ)

WZjj-QCD scale variation
scaled down to 0.74

 → consistent with ~40% 
uncertainty

 → consistent with WZjj 
inclusive measurement
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Uncertainties
Main uncertainties

– Statistically dominated

– Modelling

– Jets
(~NLO QCD real corrections)
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Limits on f00 and f0X

No significant number of events post-fit for W0Z0 or W0ZX 
 Expected 1.3σ (W0Z0) and 2.6σ (W0ZX) against null hypothesis

95% CL upper limits :    

Tension 
at 2.5σ
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CONCLUSION
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CONCLUSION
Polarisation being measured across diboson signatures

– Precision measurement in inclusive diboson

– Becoming accessible in Vector Boson Scattering

Limited by statistics and theoretical modelling

Observation of f00 in 
inclusive ZZ

First attempt at joint-polarisation 
measurement in WZ VBS
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Thank you for 
your attention

ZZ event display
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Results at LEP
Only diboson process accessible for such measurements: e+ e-  W→ +W- 

Single W boson polarisation measurements:
 L3 [arXiv:0301027], OPAL [arXiv:0312047], DELPHI [arXiv:0801.1235]

Joint-polarisation measurements:
 L3 [arXiv:0501036]: only correlations between bosons polarisation (decay planes)

 DELPHI [arXiv:0908.1023]: not sensitive enough to f00 

 OPAL [arXiv:0009021]: almost 3σ for f00, but tension with Standard Model

OPAL resultsDELPHI results
Longitudinal here noted “L” 

https://arxiv.org/abs/hep-ex/0301027
https://arxiv.org/abs/hep-ex/0312047
https://arxiv.org/abs/0801.1235
https://arxiv.org/abs/hep-ex/0501036
https://arxiv.org/abs/0908.1023
https://arxiv.org/abs/hep-ex/0009021
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ZZ event selection
4 isolated leptons with invariant masses compatible with 2 Z bosons
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Differences with previous Run2 ZZ paper
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WZ VBS event selection

3 leptons, 2 jets, missing ET

Fiducial phase space
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WZ DNNs variables
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WZ DNNs input variables distributions
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WZ DNN modelling check
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WZ VBS fit result
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